An experimental protocol based on a mathematical epidemiology model was developed to study the transmission, virulence, and recovery rates of White Spot Syndrome Virus (WSSV). Two modes of transmission were compared for WSSV in Litopenaeus vannamei. We compared transmission by ingestion of infected cadavers to transmission by cohabitation with infected animals. In addition, we compared the ingestion transmission of WSSV in L. vannamei and in L. setiferus. Finally, we compared the virulence and recovery rates of WSSV in L. vannamei and L. setiferus. The transmission rate of WSSV to L. vannamei by cohabitation was 0.01. The transmission rate by ingestion of infected cadavers was over an order of magnitude larger at 0.46, suggesting that cohabitation is a much less important mode of transmission for WSSV. A statistically significant difference was detected between the estimates of ingestion transmission of L. vannamei (0.46) and those of L. setiferus (0.84), yet no differences in the virulence or recovery rates were detected between hosts. The overall estimated virulence rate was 0.34, and the overall estimated recovery rate from a WSSV infection was 0.007 for both species. According to epidemiological theory the threshold density of hosts necessary for an epidemic to occur is directly related to the virulence and recovery rates and inversely related to the transmission rate. Therefore, the epidemic threshold density may be lower for ingestion transmission than cohabitation transmission and lower for L. setiferus than for L. vannamei.
INTRODUCTION
White Spot Syndrome Virus (WSSV) is a recently described shrimp pathogen that is devastating the shrimp farming industry (Lightner et al., 1998) . The virus was first reported in 1992 in southeast Asia, and by 1995 it had spread to shrimp farming areas throughout southern Asia. Recently, WSSV has been found on farms in North and South America (Lightner et al., 1998) . WSSV can cause 100% cumulative mortality in 2 to 10 days to farmed shrimp, and there is increasing concern over the possible introduction of this virus into wild shrimp populations.
WSSV is a rod-shaped (70 -95 ϫ 300 -420 nm), double-stranded DNA virus. It was formerly assigned to a group of nonoccluded baculoviruses but is presently unassigned by the International Committee on Taxonomy of Viruses (Murphy et al., 1995) . WSSV is a directly transmitted pathogen that is known to have several penaeid shrimp and other decapod hosts.
Two of the known shrimp hosts of WSSV are Litopenaeus vannamei and L. setiferus (Lightner et al., 1998) . L. vannamei is the most commonly cultured species in the Americas and is one of the most commercially important species comprising the wild shrimp fishery along the Pacific coast of the Americas. Although L. setiferus is only occasionally cultured, it is one of the most commercially valuable species comprising the Gulf of Mexico shrimp fishery. Because WSSV has been catastrophic to the shrimp farming industry and may be a threat to the wild shrimp fisheries, understanding the factors that affect the likelihood of epidemics in cultured and wild shrimp is important.
One way to identify important factors that affect epidemics is to employ mathematical models. A model may be constructed by consideration of three types of hosts in a population: susceptible, infected, and recovered. The following system of equations constitutes such a model,
I tϩ1 ϭ I t ϩ S t ͑1 Ϫ ͑1 Ϫ ␤͒ It ͒ Ϫ I t ͑␣ ϩ Ϫ ␣͒ (2)
where, S is the number of susceptible animals in a population, I is the number of infected animals, R is the number of animals that recover, t is time, ␤ is the transmission rate from infected to susceptible animals, ␣ is the virulence rate (i.e., the probability that an infected animal succumbs to infection), and is the probability that an infected animal recovers (Abbey, 1952) . Such models are known to have threshold densities of susceptible animals below which an epidemic will not occur (Anderson and May, 1979; Black and Singer, 1987) . If at first exposure
then an epidemic will not develop and the pathogen will be eliminated. However, if
then an epidemic will develop and the pathogen will persist in the host population for some time.
The threshold density is directly related to the virulence and recovery rates and inversely related to the transmission rate so, obtaining estimates of these parameters is germane to our understanding the conditions under which a WSSV outbreak might occur. The first objective of this investigation was to compare two modes of transmission of WSSV to L. vannamei. We compared the transmission rate resulting from cohabitation with a living infected shrimp to the transmission rate resulting from ingestion of an infected cadaver. The second objective was to compare the transmission rates of WSSV by ingestion of an infected cadaver of L. vannamei to the transmission by ingestion of an infected cadaver of L. setiferus. The third objective was to compare the virulence and recovery rates of WSSV to infections in L. vannamei and L. setiferus.
EXPERIMENTAL METHODS

Estimating the Rates
A formula for the transmission rate can be obtained by solving for ␤ from (1).
An estimate of the transmission rate can be obtained from the initial numbers of susceptible (S 0 ) and infected (I 0 ) shrimp and the number of susceptible shrimp (S 1 ) at the end of a time period of interest. This method for estimating transmission rates in this study is similar to methods used by Dwyer (1991) , D'Amico et al. (1996) , and Knell et al. (1998) . Experimentally, susceptible shrimp are exposed to an infected shrimp for a specified period of time, then the exposed shrimp are isolated individually for any infections to become patent, and finally all exposed shrimp are examined histologically to determine infection status.
Similar formulas for ␣ and are not as easily derived because the two parameters never occur alone in any of equations (1-3). Estimates must be obtained in a slightly less straightforward way. However, by eliminating the susceptible shrimp from equations (1-3), we reduce them to two, equations (7 and 8).
These two equations then describe the dynamics of infected shrimp that either die (␣) or recover (). To use this two-equation system to estimate ␣ and , we generate a survivorship curve for infected animals only. Infected animals were those that died during the isolation period and those that survived the isolation period but were positive for WSSV. By iteration of the two-equation system and application of the least squares criterion, we find the values of ␣ and that yield the theoretical curve that best fits the observed survivorship data. Shrimp that survived the 5-day incubation period and were WSSV-positive were considered to have recovered. We tested for statistical differences among linearized survivorship curves by testing for differences among the slopes using the GLM module in Systat (version 7) (Wilkinson, 1999) . The number of infected shrimp and time were transformed (log( x ϩ 1)) to linearize data. If no difference was detected in slopes, then data were pooled and common virulence and recovery rates were estimated.
Test Animals and Viral Stock
The L. vannamei used for the experiments were obtained from a commercial distributor. These shrimp are descendants of the "specific pathogen-free" population of animals available through the United States Marine Shrimp Farming Program (Lotz, 1997) . L. se-tiferus used for the experiments were captured in Mississippi Sound, Mississippi. The isolate of WSSV used was obtained from mainland China in 1996 and has been maintained in L. vannamei.
Protocol for Estimating Rates
The experimental protocol for obtaining estimates of the rates is divided into four phases: preparation of I 0 (initially infected shrimp), exposure, isolation, and diagnosis.
I 0 preparation. To prepare I 0 (the initial infected shrimp), we exposed two groups of 20 L. vannamei to WSSV. The shrimp were exposed in 115-L rectangular aquaria. Each aquarium was filled to a depth of 10 cm with chlorine-treated seawater. Shrimp were exposed per os and received approximately 15% body weight of frozen, minced cephalothoraces of shrimp known to have died of WSSV.
Exposure. In the exposure phase, susceptible shrimp (S 0 ) are exposed to infected shrimp (I 0 ). We placed 12 susceptible shrimp and 1 infected shrimp in a cylindrical tank (1 m 2 bottom surface area by 0.6 m height). Each tank was filled to a depth of 10 cm with chlorine-treated seawater. The density, 12 per m 2 , was chosen because it is comparable to mean densities of wild populations of L. setiferus observed during the recruitment season (Zimmerman and Minello, 1984; Soto et al., 1999) . The susceptible shrimp were exposed to the infected shrimp for 14 h.
Isolation. To ensure no secondary transmission from newly infected dying shrimp, the exposed susceptible shrimp were isolated after the initial exposure period. After the 14-h exposure, all shrimp were placed in 1-L jars. All jars were placed in a water bath, and each jar was supplied with air. We recorded the time of death of isolated shrimp. Shrimp dying during this isolation phase were fixed in Davidson's solution following procedures outlined by Lightner (1996) . Shrimp were kept in these isolation jars for 5 days at which time all remaining specimens were fixed in Davidson's solution.
Diagnosis. To determine the number of susceptible shrimp remaining after the 14-h exposure (S 1 ), each shrimp was examined histologically after being stained with hematoxylin and eosin stains for the presence of WSSV intranuclear inclusions. Two nonserial, sagittal sections were analyzed for each shrimp.
From the data on the time of death of isolated shrimp and the knowledge of the WSSV status of all shrimp, we ascertained the survivorship curve of only shrimp that were infected at the beginning of the isolation phase.
Experiments 1 and 2: L. vannamei, Transmission by Ingestion vs Cohabitation
In experiments 1 and 2, we compared transmission by ingestion of infected cadavers (ingestion transmission) to transmission by cohabitation with infected animals (cohabitation transmission) of WSSV in L. vannamei. For the cohabitation exposure, the susceptible shrimp were allowed to cohabitate with 1 infected shrimp, and for the ingestion exposure, the susceptible shrimp were allowed to ingest 1 fresh infected cadaver. At the end of the 14-h exposure period, the infected shrimp used for the cohabitation exposure was fixed in Davidson's solution for later histological examination, and the proportion of the dead infected cadaver consumed by the susceptible shrimp was noted. Each exposure treatment was replicated four times. Twelve additional unexposed shrimp served as the negative control and were fed commercially available shrimp food. The challenge of this experiment was to have 4 dead and 4 infected shrimp available at approximately the same time to expose the susceptible shrimp in each transmission tank. In the I 0 preparation phase, we exposed 20 shrimp 24 h and another 20 shrimp 12 h prior to the start of the transmission experiment. Therefore at the end of I 0 preparation, we had dead shrimp with 24-h-old infections and live shrimp with acute 12-h-old infections. The majority of shrimp fed 15% body weight died of infections between 24 and 36 h postexposure; therefore, we deduced that a shrimp would have an acute infection about 12 h prior to death.
Shrimp used in experiments 1 and 2 weighed 2 to 3 g. For experiment 1, the transmission tanks were filled to a depth of 20 cm and for experiment 2 to a depth of 10 cm with chlorine-treated seawater. Water temperature in the transmission tanks in experiment 1 was not controlled and varied between 20 and 30°C. Water temperature in the isolation jars was maintained at 27 Ϯ 3°C. For experiment 2 water temperature in the transmission tanks and isolation jars was maintained at 27 Ϯ 3°C.
Experiments 3 and 4: L. vannamei vs L. setiferus, Transmission by Ingestion
In experiments 3 and 4, we compared the ingestion transmission of WSSV to L. vannamei and L. setiferus. The procedure was identical to the ingestion exposure in experiments 1 and 2. All inoculation animals (I 0 ) used in the exposure tanks were L. vannamei. In experiment 3, 12 L. vannamei were used as the negative control. In experiment 4, two groups were used as the negative control, one group of 12 L. vannamei and one group of 12 L. setiferus. All L. setiferus and L. vannamei used weighed 3 to 4 g. For these experiments, the transmission tanks were filled to a depth of 10 cm with chlorine-treated seawater, and the water temperature was maintained at 27 Ϯ 3°C.
RESULTS
Experiment 1: L. vannamei, Transmission by Cohabitation vs Ingestion
All inoculation shrimp (I 0 ) used for the cohabitation exposure were found to be histologically positive for WSSV. The ingestion transmission rate was estimated to be 0.375 (Table 1 ). In contrast, no cohabitation transmission was detected (␤ ϭ 0; Table 1 ). A significant difference was observed between the cohabitation and the ingestion transmission estimates ( 2 test, P Ͻ 0.001). For this experiment, all animals that died did so between 24 and 48 h postexposure (Fig. 1) . A total of 18 animals died during the isolation phase. One of those animals was obtained before the onset of tissue degradation. It was histologically positive for WSSVassociated lesions. No survivors were histologically positive for WSSV. No animals from the negative control died or were diagnosed with WSSV during this experiment. For this experiment, survival data was collected daily, and because all animals died between 24 and 48 h, virulence and recovery rates were not estimated.
Experiment 2: L. vannamei, Transmission by Cohabitation vs Ingestion
To determine whether results from the first experiment were repeatable, a second experiment was performed. All inoculation shrimp (I 0 ) used for the cohabitation exposure for experiment 2 were found to be histologically positive for WSSV-associated lesions. In experiment 2, the estimate for the ingestion transmission rate was 0.56 (Table 1) . Unlike experiment 1, cohabitation transmission was detected (␤ ϭ 0.02; Table 1). All animals survived the cohabitation exposure; however, 1 of these was histologically positive for WSSV. As in experiment 1, a significant difference was detected between the cohabitation and the ingestion transmission rate estimates ( 2 test, P Ͻ 0.001). Moreover, all mortalities occurred between 24 and 48 h postexposure (Fig. 2) . Of the 26 animals that died from the ingestion exposure, 26 were sampled before tissue degradation, and all 26 were histologically positive. From the ingestion exposure, only 1 of the 21 animals that survived the 5-day isolation period was histologically positive. No animals from the negative control died or were diagnosed with WSSV. Little cohabitation transmission was detected; therefore, we did not estimate the virulence and recovery rates associated with this mode of transmission. However, for ingestion transmission, the virulence rate was estimated to be 0.29 and the recovery rate 0.008 (Table 2) . (Fig. 3) . Thirtythree of the 34 L. setiferus that died were examined histologically, and 30 were found to be positive. The 3 animals that were histologically negative for WSSV lesions were excluded from the transmission, virulence, and recovery estimates. All 20 L. vannamei that died were examined, and all were histologically positive. One L. vannamei survivor was histologically positive for WSSV. No L. setiferus survivors were histologically positive for WSSV. No animals from the negative control died or were diagnosed with WSSV. For L. vannamei, the virulence rate was 0.26, and the recovery rate was 0.016 (Table 2 ). For L. setiferus, the virulence rate was 0.34, and no recovery rate was detected ( ϭ 0).
Experiment 4: L. vannamei vs L. setiferus, Transmission by Ingestion
A second experiment to compare the ingestion transmission of WSSV to L. vannamei and L. setiferus was performed. In this experiment, the estimate for ingestion transmission rate of WSSV to L. vannamei was 0.50 and that for L. setiferus was 0.85 (Table 1) . In contrast to experiment 3, a significant difference was observed between the two ingestion transmission estimates ( 2 test, P Ͻ 0.001). As in experiment 3, L. setiferus died more rapidly than L. vannamei; however, most of both species died by 48 h postexposure (Fig. 3) . Thirty-eight and 23 L. setiferus and L. vannamei, respectively, died during isolation. All were sampled, and all were histologically positive. No L. vannamei or L. setiferus survivors were histologically positive for WSSV. No animals from the negative control died or were diagnosed with WSSV. The estimated virulence rate for L. vannamei was 0.27, and that for L. setiferus was 0.58 (Table 2) . No recovery was detected for either species ( ϭ 0).
Summary of Experiments 1-4
Transmission. No significant difference was detected between the cohabitation transmission rate estimates of L. vannamei from experiments 1 and 2 ( 2 test, P ϭ 0.38). Moreover, for this species no significant difference was detected among the ingestion transmission rate estimates obtained from experiments 1 through 4 ( 2 test, P ϭ 0.22). However, a significant difference was detected between the ingestion transmission rate estimates of experiments 3 and 4 for L. setiferus ( 2 test, P ϭ 0.02). The cohabitation transmission rate estimates and ingestion transmission rate estimates for L. vannamei were pooled across experiments to determine whether an overall difference in rates existed between the two modes of transmission. A significant difference was detected between the cohabitation and the ingestion transmission rate estimates of L. vannamei ( 2 test, P Ͻ 0.001). In addition, the ingestion transmission rate estimates of L. vannamei and the ingestion transmission rate estimates of L. setiferus were pooled to determine whether an overall significant difference existed between the two transmission rate estimates for the two species. The pooled ingestion transmission rate estimate of L. setiferus was significantly higher than the pooled ingestion transmission rate estimate of L. vannamei ( 2 test, P Ͻ 0.001). For L. vannamei, the pooled cohabitation transmission rate estimate was 0.01, and the ingestion transmission rate estimate was 0.46 (Fig. 4) . For L. setiferus, the pooled ingestion transmission rate estimate was 0.84 (Fig. 4) .
Virulence (␣) and recovery ().
No differences were detected among the slopes of the log-transformed survivorship curves of the ingestion treatments within and across experiments. Therefore, data were pooled and overall virulence and recovery rates were estimated. The observed survivorship curve for the pooled data and the best-fit survivorship curve generated by equations (4 and 5) are displayed in Fig. 5 . For the pooled data the virulence rate was 0.34, and the recovery rate was 0.007.
DISCUSSION
An experimental protocol based on mathematical epidemiology models that allowed for standardized comparison of the transmission, virulence, and recovery rates among different modes of transmission for a specific virus and host was employed. In addition, it allowed for direct comparison of these rates for different viruses and different hosts. In this study, we compared transmission rates of WSSV in L. vannamei by cohabitation to that by ingestion. In addition, we compared transmission by ingestion of WSSV in L. vannamei and L. setiferus.
WSSV is transmitted to L. vannamei more effectively through ingestion of infected cadavers than through contact with infected hosts that are actively shedding virus. The ingestion transmission estimate was significantly greater than the cohabitation transmission estimate. Our results are consistent with those from Soto et al. (2000) who failed to detect cohabitation transmission for WSSV in L. vannamei. Although we found that cohabitation transmission was much less important for the L. vannamei-WSSV system, we cannot conclude that cohabitation transmission is less important for the L. setiferus-WSSV system. However, it is likely that it is less important for the L. setiferus-WSSV system.
In this study, we found WSSV to be transmitted more readily to L. setiferus than to L. vannamei. The L. setiferus used in this study were wild-caught, whereas the L. vannamei were hatchery reared. Differences in feeding behavior of the two species might account for the detected differences in the transmission estimates. However, both species fed on approximately the same amount of the infected cadaver. Therefore, it is unlikely that the different transmission estimates are solely the result of different feeding behavior. Lightner et al. (1998) exposed juvenile L. vannamei and L. setiferus (weight ϭ 1 g) per os to WSSV. Shrimp in their study were fed between 30 and 40% body weight over a 4-day period. In addition, shrimp were allowed to cannibalize dead infected shrimp. They found both species to suffer cumulative mortalities of 100% by day 8. In this study, 12 susceptible shrimp were exposed to 1 dead infected shrimp for a 14-h period. During that period susceptible shrimp ingested about half the dead infected shrimp. After initial viral exposure, shrimp were isolated to eliminate the possibility of secondary exposure by cannibalism of infected cadavers. Therefore, shrimp in this study received a total dose of about 5% body weight. The difference in dose and time of exposure between the two studies is probably why the different mortality rates were detected. However, in the study by Lightner et al. (1998) all shrimp infected with WSSV died, and in this study all but 2 infected shrimp died by day 5, suggesting that mortality from WSSV is contingent on transmission.
The three requirements for estimation of transmission rates are knowledge of background mortality dur- ing the time period, prevention of secondary transmission, and knowledge of the decay rate of infectious material throughout the exposure period. In these experiments, minimal background mortality was observed. None of the animals in the negative controls died. Moreover, of all the animals that died in isolation, only three were histologically negative for WSSV-associated lesions. No secondary transmission occurred because shrimp were isolated after the initial exposure. The amount of infectious material declines during the time interval, particularly as shrimp consume the cadaver. D' Amico et al. (1996) and Knell et al. (1998) also recognized that the amount of infectious material declined throughout their experiments. Our interest was to compare transmission rates; therefore, the decline of infectious material is not a factor as long as the rate of decline is the same for each comparison.
The threshold density of hosts necessary for an epidemic to occur is directly related to the virulence (␣) and recovery () rates and inversely related to transmission rate (␤). It is clear that the transmission rate of WSSV through cohabitation with infected animals is low and that the transmission rate through ingestion of infected cadavers is higher for L. vannamei and L. setiferus. Moreover, no difference in virulence and recovery rates were detected in the two hosts; therefore, the threshold density must be lower for ingestion transmission than for cohabitation transmission and lower for L. setiferus than for L. vannamei.
